Background and objectives Heart failure occurs frequently in end-stage renal disease patients. However, there are no prospective, longitudinal follow-up data on its prevalence, severity, and risk factors in longterm peritoneal dialysis (PD) patients.
Introduction
Cardiovascular disease is the leading cause of mortality in end-stage renal disease (ESRD) and manifests variously as acute myocardial infarction, cerebrovascular events, heart failure, sustained arrhythmia, or sudden cardiac death, among which heart failure is one of the most frequent. According to a previous study by Harnett and co-workers performed in predominantly hemodialysis patients, close to one third of the patients had heart failure at initiation of dialysis and more than half had recurrence during dialysis. Even among patients with no previous heart failure, 25% of them developed subsequent heart failure during their course on dialysis (1) . Furthermore, heart failure present on initiation of dialysis is a strong and independent predictor of short-term (90 days) (2) and long-term mortality (1) . The presence of previous heart failure also increased the risk of cardiovascular death in prevalent peritoneal dialysis (PD) patients by more than threefold (3) .
Old age, pre-existing heart disease (systolic dysfunction and ischemic heart disease), and chronic uremia have been suggested to be important risk factors for heart failure in hemodialysis patients (1) . However, there are so far no prospective, longitudinal, follow-up data on heart failure in PD patients. Furthermore, there is no study that examined the importance of diastolic dysfunction in relation to heart failure in PD patients.
Given this background, the study presented here aimed first to determine the prevalence, severity, risk factors, and outcomes of heart failure in long-term PD patients over 4 years of prospective follow-up. Second, we evaluated factors predicting new-onset and recurrent heart failure in these patients.
Materials and Methods

Study Design and Study Subjects
We performed a prospective, longitudinal, 4-year follow-up study in a cohort of 220 prevalent PD patients recruited from a single regional dialysis center in Hong Kong between 1999 and 2004. The study protocol complies with the Declaration of Helsinki and has obtained full approval from the local clinical research ethics committee. All patients provided informed consent before study entry.
Patients were considered eligible for study inclusion if they have been on continuous PD treatment for Ն3 months. Patients with chronic rheumatic heart disease, congenital heart disease, underlying active malignancy, or active systemic lupus erythematosus requiring steroid or other immunosuppressive treatment; patients who refused to give consent; and patients with incomplete data (total n ϭ 50) were excluded from the study. Those excluded represented 18.5% of the total PD population in the center.
Echocardiography and Tissue Doppler Imaging
Echocardiography was performed at study entry using a GE-VingMed System 5 echocardiographic machine (GEVingMed Sound AB, Horten, Norway) with a 3.3-mHz multiphase array probe in subjects lying in the left decubitus position by a single experienced cardiologist blinded to all clinical details of patients as described previously (4) . Myocardial velocities were recorded using tissue Doppler imaging (TDI) as described previously (5, 6) .
Clinical Variables
Patients' demographics and clinical data including background kidney disease, diabetes, atherosclerotic vascular disease (AVD), and previous history of heart failure were obtained at study entry by direct patient enquiry and further confirmation by review of hospitalization records from the computerized medical record system of the Hong Kong Hospital Authority. Background AVD was defined as the presence of coronary artery disease (indicated by history of angina, previous myocardial infarction with or without history of coronary artery bypass surgery, or percutaneous coronary intervention), cerebrovascular disease (indicated by history of cerebrovascular event), or peripheral vascular disease (indicated by the presence of intermittent claudication or resting leg pain together with clinical signs of peripheral vascular disease with or without history of amputation or revascularization). Previous history of heart failure included only episodes that were clearly documented to require hospitalization and was defined as the presence of symptoms and signs of heart failure including dyspnoea, raised jugular venous pressure, and basal crepitations together with radiographic evidence of pulmonary venous congestion or interstitial edema and resolution of symptoms, signs, and radiographic changes with hypertonic PD exchanges. With a mercury sphygmomanometer, systolic and diastolic BP were measured once on every follow-up visit after patient rested for 15 minutes on either arm at 8-week intervals for 12 months preceding study entry and were then averaged to give the final systolic and diastolic BP.
Biochemical Measurements
Fasting EDTA, heparinized, and clotted blood samples were collected at study entry for measurement of plasma lipid profile, albumin, urea, creatinine, calcium, phosphorus, serum intact parathyroid hormone, high-sensitivity C-reactive protein, and blood hemoglobin using methods as described previously (4) . Serum N-terminal pro-brain natriuretic peptide was quantified by electrochemiluminescence immunoassay on an Elecsys 2010 analyzer (Roche Diagnostics Corporation, Indianapolis, IN) with a measuring range from 5 to 35,000 pg/ml. For samples with N-terminal probrain natriuretic peptide concentrations above the measuring range, the final concentrations were taken as 35,000 pg/ml.
Assessment of Residual Renal Function and Dialysis Indices
Twenty-four hour urine and dialysate was collected for measurement of residual GFR and total weekly urea and creatinine clearance using standard methods (7, 8) . The transport status of the peritoneal membrane was characterized by a standard peritoneal equilibration test using a 4-hour dwell of a 2.27% glucose-containing PD solution.
Outcome Measures
All patients were followed prospectively for 4 years from the day of baseline assessments or until patients underwent kidney transplant, transferred to hemodialysis, or death. If a patient died within 3 months of transfer to hemodialysis, then he or she was not censored because the early mortality was considered to reflect health status during the period of failing PD treatment. The outcome measures evaluated were death, heart failure, composite end point of death and heart failure, and new-onset and recurrent heart failure. Heart failure was defined as such to include only episodes that were clearly documented to require hospitalization. Essentially, heart failure was diagnosed by the attending physician on the basis of the presence of all three clinical criteria: (1) symptoms and signs of heart failure including dyspnoea, raised jugular venous pressure, and basal crepitations; (2) radiographic evidence of pulmonary venous congestion or interstitial edema (1); and (3) resolution of symptoms, signs, and radiographic changes with hypertonic PD exchanges. In patients who presented to the outpatient clinic with milder symptoms including ankle edema or facial puffiness and not requiring hospitalization, the episode would not be counted as heart failure. This information was captured prospectively from the computerized medical record system of the Hong Kong Hospital Authority and the Renal Registry Database, which keep detailed records of all hospitalization episodes.
Statistical Analyses
Continuous data were expressed as mean Ϯ SD or median (interquartile range) and categorical data were expressed as percentages. Comparisons between groups were done by the t test or Mann-Whitney U test, depending on data distribution. Stepwise logistic regression analysis was performed to evaluate the associations of different factors with presence of background heart failure at study entry. Factors predicting first episode of heart failure, composite end point of heart failure and mortality, and new-onset and recurrent heart failure were evaluated using univariate and multivariable stepwise Cox regression analysis. Essentially, all survival analysis was based on the first heart failure episode observed in each patient during the 4 years of follow-up. Factors with P Ͻ 0.1 on univariate analysis were considered in the multivariate analysis. Age, gender, and duration of dialysis were considered as important confounding covariates and were included in all multivariate analysis irrespective of their P values on univariate analysis. Cumulative overall survival probability in relation to the presence or absence of background history of heart failure was generated by the Kaplan-Meier method, and between-group survival was compared by the log-rank test. P Ͻ 0.05 was considered to be statistically significant. Statistical analyses were performed using SPSS version 16.0 (SPSS, Inc., Chicago, IL).
Results
Characteristics of Study Population and Factors Associated with Background History of Heart Failure
Of the 220 PD patients, 86 patients (39.1%) had a previous history of heart failure. The underlying causes of kidney disease were chronic glomerulonephritis (n ϭ 70, 31.8%), diabetic nephropathy (n ϭ 55, 25%), hypertensive nephrosclerosis (n ϭ 27, 12.3%), polycystic kidney disease (n ϭ 12, 5.5%), obstructive uropathy (n ϭ 12, 5.5%), tubulointerstitial disease (n ϭ 6, 2.7%), and not known in 38 patients (17.3%). The daily PD regimen was 6-L exchanges in 158 patients (71.8%), 8 L in 51 patients (23.8%), 10 L in 6 patients (2.7%), 4.5 L in 4 patients (1.8%), and 5 L in 1 patient (0.5%). Left ventricular (LV) hypertrophy was present in 208 patients (94.5%). One hundred and thirty-seven patients (62.3%) had an elevated early transmitral flow velocity (E) to early diastolic mitral annular velocity (Em) ratio Ն15 and 37 patients (16.8%) had mitral annular calcification. The other baseline characteristics are shown in Table 1 with comparisons between patients with and without background history of heart failure. Of the 86 patients with a background history of heart failure, 56 patients were on daily 6-L exchanges, 25 were on 8-L exchanges, 3 were on 10-L exchanges, and 1 patient each was on daily 4.5-and 5-L exchanges. Of the 134 patients with no previous heart failure, 102 patients were on daily 6-L exchanges, 26 were on 8-L exchanges, 3 were on 10-L exchanges, and 3 were on 4.5-L exchanges. All patients were dialyzed using conventional lactate-buffered glucose-based PD solutions. Use of erythropoietin (P ϭ 0.09), vitamin D analogs (P ϭ 0.5), ␤-blockers (P ϭ 0.9), calcium-channel blockers (P ϭ 0.2), and statins (P ϭ 0.2) did not differ between patients with and without background history of heart failure. Angiotensin converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs) were used more often in patients with background heart failure (36%) than those with no heart failure (17.9%, P ϭ 0.002). Table 2 details variables that are independently related to a background diagnosis of heart failure in the multiple logistic regression analysis.
Clinical Outcomes in Relation to Background History of Heart Failure
During follow-up, 84 patients (38.2%) died, of which 48 died from cardiovascular causes and 36 deaths were noncardiovascular. The detailed causes of cardiovascular death were 14 cerebrovascular events, 7 with acute myocardial infarction, 22 with sudden cardiac death, 4 with heart failure, and 1 with sustained arrhythmia. Five patients died from foot infection secondary to severe peripheral vascular disease. The average mortality rate and heart failure event rate of this cohort were 95 per 1000 patients per year and 102 per 1000 patients per year, respectively. Kaplan-Meier survival analysis shows that patients with a background history of heart failure had significantly lower cumulative overall survival probability (P Ͻ 0.0001) than those with no previous heart failure ( Figure 1 ). The median (interquartile range) survival was 25.2 (13.0, 48.7) and 44.9 (22.8, 48.7) months, respectively, for patients with and without background history of heart failure.
Prevalence, Outcomes, and Risk Factors Predicting Heart Failure Over 4-yr of Prospective Follow-Up
During follow-up, 90 PD patients (40%) were complicated with one or more episodes of heart failure. Figure 2 shows the Kaplan-Meier estimates of heart failure event-free survival probability for patients with and without background history of heart failure. Table 3 details the associations of different risk factors in predicting heart failure in the entire cohort in univariate Cox regression analysis. In the multivariable Cox regression analysis, systolic BP, LV mass index, low serum albumin, diabetes, a low LV ejection fraction (EF), and background AVD were independently predictive of heart failure ( Table 4) . Adding the covariate "previous history of heart failure" displaced LV EF from the multivariable Cox regression model and reduced the significance of LV mass index, serum albumin, and background AVD in predicting future risk of heart failure ( Table 4) . One hundred and thirtythree patients reached the composite end point of mortality and heart failure at 4 years. Serum albumin (hazard ratio [HR] 0.92, 95% confidence interval [CI] 0.89 to 0.96, P Ͻ 0.001), diabetes (HR 1.59, 95% CI 1.09 to 2.33, P ϭ 0.016), systolic BP (HR 1.02, 95% CI 1.01 to 1.03, P Ͻ 0.001), LV mass index (HR 1.005, 95% CI 1.003 to 1.007, P Ͻ 0.001), background AVD (HR 1.77, 95% CI 1.18 to 2.68, P ϭ 0.006), residual GFR (HR 0.88, 95% CI 0.78 to 0.99, P ϭ 0.029), duration of dialysis (HR 0.99, 95% CI 0.99 to 1.00, P ϭ 0.046), and LV EF (HR 0.98, 95% CI 0.95 to 1.00, P ϭ 0.028) were independent predictors for the composite end point of mortality and heart failure. Adding LV volume index (HR 1.018, 95% CI 1.008 to 1.027, P Ͻ 0.001) displaced LV EF from the multivariable Cox regression model for the composite end point of mortality and heart failure whereas LV mass index retained independent significance (HR 1.004, 95% CI 1.001 to 1.006, P ϭ 0.002).
New-Onset Heart Failure and Associated Risk Factors
Thirty-seven (27.6%) of 134 patients with no previous heart failure developed new-onset heart failure during follow-up. Compared with patients with no new-onset heart failure, those with new-onset heart failure (n ϭ 37) showed higher prevalence of diabetes (35.1% versus 13.4%; P Ͻ 0.005), a trend toward more background AVD (18.9% versus 8.2%; P Ͻ 0.1), higher LV mass index (221 Ϯ 88 versus 190 Ϯ 66 g/m 2 ; P Ͻ 0.05), higher LV end-diastolic volume index (65.3 Ϯ 18.4 versus 57.3 Ϯ 15.1 ml/m 2 ; P Ͻ 0.05), and lower LV EF (52.3 Ϯ 9.6 versus 55.0 Ϯ 5.8%; P Ͻ 0.05). In the multivariable Cox regression analysis, diabetes mellitus and LV mass and volume index were significant, independent predictors of new-onset heart failure ( Table 5) .
Recurrent Heart Failure and Associated Risk Factors
Of the 86 patients with previous heart failure, 53 patients (61.6%) developed recurrent heart failure during follow-up. Compared with patients with no recurrent heart failure (n ϭ 33), those with recurrent heart failure (n ϭ 53) showed higher systolic BP (154 Ϯ 17 versus 140 Ϯ 17 mmHg; P Ͻ 0.001), a trend toward higher LV end-diastolic volume index (78.8 Ϯ 22.9 versus 69.3 Ϯ 20.4 ml/m 2 ; P Ͻ 0.1); lower hemoglobin (8.22 Ϯ 1.46 versus 9.38 Ϯ 1.63 g/dl; P Ͻ 0.001), and lower serum albumin (26 Ϯ 4 versus 29 Ϯ 5 g/L; P Ͻ 0.01). In the multivariable Cox regression analysis, hypoalbuminemia, high systolic BP, and LV volume index were significant, independent predictors of recurrent heart failure ( Table 5) . Continuous data expressed as mean Ϯ SD unless specified otherwise. NT-pro-BNP, N-terminal pro-brain natriuretic peptide; A, late diastolic transmitral flow velocity; DT, deceleration time; IVRT, isovolumetric relaxation time. a Median (interquartile range).
Discussion
This study is so far the largest and longest prospective follow-up study that examines the clinical problem of heart failure in long-term PD patients. The results form an important basis for planning further intervention studies in PD patients. Our study shows that heart failure is an equally highly prevalent complication (39.1%) in long-term PD patients. Twentyeight percent of patients developed new-onset heart failure, whereas 62% of those with previous heart failure had an episode of worsening heart failure requiring hospitalization during the 4 years of followup. These prevalence data are comparable to those reported in incident hemodialysis patients (1). Furthermore, PD patients with a previous history of heart failure have a very poor prognosis.
Diabetes, background AVD, LV hypertrophy, an elevated E/Em ratio estimated by TDI, and hypoalbuminemia were all significant independent factors related to a background history of heart failure. Patients with a background history of heart failure also had a higher E/A ratio. Although no direct measure of volume status was performed in this study, E/Em ratio measured using TDI has been suggested to provide better estimates of LV filling pressure than other methods (9) and predicts LV filling in different groups of patients (10 -12) . A reduced Em reflects poor annular recoil, which is due in part to reduced stored energy from the previous systole and is associated with reduced early diastolic suction and thus reduced early diastolic filling. A reduced Em (and therefore an elevated E/Em ratio) likely reflects true myocardial dysfunction and not volume overload alone. More recently, an E/Em ratio Ն15 was adopted by the European Society of Cardiology to define diastolic heart failure (13). However, there is so far no comparative study on the diagnostic value of the E/Em ratio in dialysis patients compared with heart failure patients without renal failure. In an ESRD population, an E/Em ratio Ն15 was associated with a sensitivity of 82% and a specificity of 88% in predicting LV end-diastolic pressure Ͼ15 mmHg (14) . Our recent study shows that increasing age, systolic dysfunction, LV volume index, and loss of residual renal function are all significant, | Kaplan-Meier estimates of cumulative heart failure event-free survival probability in relation to the presence or absence of a background history of heart failure in PD patients.
independent predictors of an E/Em ratio Ն15 in ESRD. An elevated E/Em ratio also predicts longterm mortality and cardiovascular death in PD patients (4) . In this study, the mean E/Em ratio of our patients is particularly high, indicating the severity of cardiac involvement. Although E/Em loses significance to LV mass index and EF on multivariate analysis for heart failure, this does not refute the importance of an elevated LV filling pressure. Rather, these data suggest a close relation between an elevated LV filling pressure, cardiac hypertrophy, and systolic dysfunction in PD patients. On the other hand, hypoalbuminemia has been suggested to reflect fluid excess other than being a nutrition marker (15, 16) . Thus, an elevated E/Em ratio together with hypoalbuminemia may suggest elements of volume overload in these patients and explain their associations with heart failure. A previous study demonstrated more frequent LV hypertrophy in continuous ambulatory PD than hemodialysis patients and that LV hypertrophy is associated with volume overload, hypertension, and hypoalbuminemia (17) . In this study, risk factors that predict risk of developing heart failure in PD patients were background AVD, systolic dysfunction, diabetes, hypoalbuminemia, LV hypertrophy and systolic hypertension. The covariate "previous history of heart failure" displaced LV EF from the model and reduced the significance of LV mass index, serum albumin, and background AVD in predicting future risk of heart failure. These data clearly indicate close relations between LV hypertrophy, systolic dysfunction, background AVD, and hypoalbuminemia with a previous history of heart failure in PD patients. These observations are similar to findings in incident hemodialysis patients (1) . It is likely that systolic hypertension and hypoalbuminemia (significant predictors of heart failure) are partly reflecting fluid overload. Notably, our subgroup analysis shows that irrespective of whether it is new-onset or recurrent heart failure, hypertension and chronic volume overload (which predispose to LV remodeling with LV dilation and hypertrophy) are key risk factors predicting heart failure in longterm PD patients. Lower sodium and fluid removal are associated with poorer PD patient survival and that hypertensive PD patients are more prone to hospitalization for cardiovascular events (18) . Taken together, our data suggest that improving BP and volume control may serve as an important treatment strategy in lowering the incidence of heart failure in chronic PD patients and warrant further investigation. We observed a trend toward lower PD exchange volume, Kt/V, creatinine clearance, residual GFR, and urine volume for those with heart failure as compared with those without, suggesting that lower exchange volume and dialysis as well as lower fluid removal may be associated with heart failure in PD patients.
Our data also raised the importance of the need for regular echocardiography to identify high-risk PD patients for earlier, active intervention. In addition, the relationship between hypoalbuminemia and increased risk of recurrent heart failure is noteworthy.
Malnutrition is an important predictor of mortality in ESRD patients, including PD patients (19, 20) . Studies in the general and dialysis population demonstrated important associations between malnutrition and heart failure (21-24). However, it remains currently unknown whether improving nutrition status may prevent heart failure. In this cohort, ACEIs or ARBs were prescribed more often among PD patients with a background history of heart failure, which may be explained by their well established cardioprotective benefits in the general population (25, 26) . On the other hand, we observed no significant association between ␤-blocker use and a background history of heart failure. This suggests that ␤-blockers were underused in our PD patients despite clinical trials showing their cardioprotective effect in dialysis patients (27, 28) . More awareness should be made to increase ␤-blocker use in PD patients with heart failure. Despite relatively low hemoglobin in our PD population, anemia still shows a significant relation with heart failure. This is in keeping with previous studies suggesting that anemia is an independent predictor of heart failure and contributes to morbidity and mortality in heart failure (29, 30) . In Hong Kong, erythropoietin is largely a self-financed drug item; thus, the use of erythropoietin remains relatively low although hemoglobin is on the low side. The average Kt/V of our PD patients is over 1.7 and is in keeping with the recommended minimum target Kt/V for PD patients (31) . In this study, 30% of patients had diabetes. This is similar to the prevalence of diabetes in dialysis patients in Hong Kong at the time of the study. Thus, we believe our nonselective study population is likely a representative cohort. However, given the relatively small number of diabetic patients, our results will require confirmation in larger studies.
Our study has several potential limitations. First, this study included prevalent but not incident PD patients that may introduce survival bias. Second, volume status was not directly assessed in these patients because we currently lack a gold standard mea- sure of volume status in PD patients. Instead, we estimated the E/Em ratio by Doppler echocardiography, which has a good correlation with LV filling pressure (6), and we measured BP, which indirectly reflects volume status. Third, the diagnosis of heart failure not only included episodes due to ventricular dysfunction but also those due to extracellular volume overload because it is extremely difficult to separate the effects of volume overload secondary to renal failure from those of heart failure, especially in patients with a normal LV EF in practical terms. All parameters related to increased ventricular and atrial pressures and LV wall stress (including natriuretic peptides) will be raised in both conditions. In PD patients, the prevalence of LV hypertrophy is very high, and most of these patients have diastolic dysfunction and elevated LV filling pressure, thus resulting in impaired LV filling. This will give rise to increased pulmonary venous flow reversal as in volume overload. Thus, the pulmonary venous flow will not be able to differentiate between heart failure due to intrinsic myocardial dysfunction and that of volume overload in ESRD patients (13) . Nevertheless, in the presence of LV hypertrophy, an enlarged left atrium, diastolic dysfunction, and impaired LV long axis function (reduced mitral annular motion), it is not unreasonable to suppose that some proportion of the problem is due to true heart failure rather than volume overload alone due to renal failure. In addition, long-standing volume overload may lead to diastolic dysfunction and heart failure. Fourth, only episodes that were severe enough to require hospitalization were included in this analysis. Subclinical fluid overload that did not develop into overt clinical heart failure was not included. This may have underestimated the true prevalence of heart failure in this population.
In conclusion, our study demonstrated a very high prevalence of heart failure and recurrence in longterm PD patients. In addition, heart failure was associated with a very poor prognosis. More attention should be focused on reducing the atherosclerotic disease burden, systolic dysfunction, LV volume overload and hypertrophy, hypertension, and hypoalbuminemia because they are all important factors that predict heart failure in PD patients.
